We calculate the shift current response, which has been identified as the dominant mechanism for the bulk photovoltaic effect, for the polar compounds LiAsS 2 , LiAsSe 2 , and NaAsSe 2 . We find that the magnitudes of the photovoltaic responses in the visible range for these compounds exceed the maximum response obtained for BiFeO 3 by 10 -20 times. We correlate the high shift current response with the existence of p states at both the valence and conduction band edges, as well as the dispersion of these bands, while also showing that high polarization is not a requirement. With low experimental band gaps of less than 2 eV and high shift current response, these materials have potential for use as bulk photovoltaics.
and the Li atoms arrange themselves in a nearly square planar arrangement with the remaining non-chain X atoms. On the other hand, in NaAsSe 2 , the Na atoms do not form square planar arrangements with Se. The differences in the cation arrangements and the chain are clearly visible in Figure 1 . Additional chain descriptions are detailed in Bera et al. [13] A final difference between the two types of compounds is that the β angles, (between the a and c lattice vectors), in LiAsS 2 and LiAsSe 2 are 113.12 • and 113.21 • , while β for NaAsSe 2 is 90.45 • , making this crystal nearly orthorhombic. In this paper, we report the bulk photovoltaic shift current and Glass coefficient of these materials. 2 and LiAsSe 2 , and b) NaAsSe 2 . c) As-X chain in LiAsX 2 . d)
FIG. 1. Depictions of compounds a) LiAsS
As-Se chain in NaAsSe 2 . The VESTA graphics software package was used to create these images. [14] II. METHODOLOGY.
We use Quantum Espresso [15] to perform density functional theory calculations with the generalized gradient approximation on the three compounds described above. We have found that calculations using experimental geometries, where available, allow for more faithful reproduction of electronic properties. We use the coordinates listed in the FIZ Karlsruhe ICSD database for LiAsS 2 and LiAsSe 2 . [16, 17] The coordinates for NaAsSe 2 are taken from the supporting information of Bera et al. [13] The results of the SCF calculation are then used to calculate the partial density of states (PDOS) and band structure, and the wavefunctions and energies are also used as inputs for the shift current calculation. We use the nomenclature for the high symmetry points as found in the Bilbao Crystallographic Server to create band diagrams. [18] We use ABINIT to calculate the polarization. [19] Norm-conserving optimized pseudopotentials [20] were created using the OPIUM software package.
[21] All calculations use a plane-wave basis set with a 50 Ry plane-wave cutoff.
As explained in detail in References [1] [2] [3] the shift current density is derived using time dependent perturbation theory under a dipole approximation treatment of the classical electromagnetic field. With J as the current density due to illumination with electric field strength E, the response tensor σ is expressed as:
in which n , n , and k indicate band index and wavevector, f gives the occupation, ω n is the energy of state n, φ n ,n is the phase of the momentum matrix element between state n and n , and χ n is the Berry connection for this state.
For the monoclinic space group compounds in this study, the shift current tensor is represented in two-dimensional matrix form as:
When the material is thick enough to absorb all the penetrating light, the Glass coefficient [24] is used to describe the current response, and in the following we report only the terms diagonal in the field, from which the response to unpolarized light of an arbitrary wavevector may be determined.
The absorption coefficient enters the Glass coefficient expression as G rrq = σ rrq /α rr , where α rr is absorption coefficient tensor. The shift current from a thick film can be expressed as:
where I r (ω) is intensity and W is the sample width. Since we are, at present, concerned only with response to unpolarized light, we ignore terms off-diagonal in the electric field, as these cannot contribute to current. To see this, we compute the general response in the Z direction for unpolarized light with wavevector along Y . For arbitrary decomposition of the unpolarized light we obtain two orthogonal components
The current generated is then
Thus, for unpolarized light, elements off-diagonal in the field will give canceling contributions.
III. RESULTS AND DISCUSSION. -2 PDOS results in Figure 4 show that in each of the three compounds, the valence band edge down to -3 eV is dominated by S 3p or Se 4p states, while the conduction band up to 3 eV is dominated by the As 4p states. Thus, all electron transitions from the valence to the conduction band are overwhelmingly p -p. Band structures in Figure 5 indicate that these three compounds all have direct band gaps. The two compounds with A = Li demonstrate significant dispersion in the conduction band. Given the relative flatness of the conduction and valence bands in the vicinity of the band gap for NaAsSe 2 , one would expect the other two compounds to have both smaller hole and electron effective masses, and hence higher mobility. Thus, of the three compounds, we would expect LiAsSe 2 to produce the most current of the three compounds.
IV. CONCLUSIONS.
We 
